We investigated the relationship between genomic and phenotypic evolution among replicate populations of Escherichia coli evolved for 1000 generations in four different environments. By resequencing evolved genomes, we identified parallel changes in genes encoding transcription regulators within and between environments. Depending on both the environment and the altered gene, genetic parallelism at the gene level involved mutations that affected identical codons, protein domains or were widely distributed across the gene. Evolved clones were characterized by parallel phenotypic changes in their respective evolution environments but also in the three alternative environments. Phenotypic parallelism was high for clones that evolved in the same environment, even in the absence of genetic parallelism. By contrast, clones that evolved in different environments revealed a higher parallelism in correlated responses when they shared mutated genes. Altogether, this work shows that after an environmental change or the colonization of a new habitat, similar ecological performance might be expected from individuals that share mutated genes or that experienced similar past selective pressures.
order to apply a combination of parameters impacting bacterial growth and adaptation due to 118 contrasting carbon sources, and homogenization and oxygenation levels. This choice was 119 made a priori to allow a wide range of mutational targets, including genes associated with 120 metabolic pathways, such as the catabolism of a specific carbon source, but also regulatory 121 genes that influence a combination of growth aspects such as carbon source consumption and 122 better oxygen use. This strategy should also favor the selection of mutations with large 123 correlated phenotypic effects in alternative environments. Every day (24 +/-2 hours), 124 populations were diluted 300-fold into the same fresh medium, allowing ~8.2 [log 2 (300)] 125 generations per day. Populations therefore experience every day a lag phase with no 126 detectable growth, followed by an exponential phase characterized by the optimal 127 consumption of the available carbon source, and finally a stationary phase when the carbon 128 source has been exhausted (except in the Ace environment, see below), before being diluted 129 again in fresh medium. The bottleneck at each daily transfer was never fewer than ~4x10 6 130 cells in any environment. After 1000 generations, each of the 16 populations was streaked on 131 LB agar plates that were incubated overnight at 37 °C. A single colony was randomly chosen 132 from each plate and frozen at -80 °C as a glycerol suspension. 133
134

Growth profile assays 135
Growth profiles were measured first for population samples collected every 200 generations, 136 in triplicate and in their respective evolution environments, and second for the ancestor and 137 individual evolved clones with five-fold replication and in the four different environments. 138
For each experiment, a physiological pre-acclimation was performed in the assay 139 environment, consisting of an overnight culture of bacterial cells followed by a 300-fold 140 dilution and a 24-h incubation. This pre-acclimation step differed slightly for the growth 141 profiles in the Ace environment, in which populations that evolved in the three other 142 environments, as well as the ancestor, grew slowly and were still in exponential phase after 24 143 hours of incubation. In this particular case, the initial overnight cultures were performed in 144
Glu. For all experiments and after a 300-fold dilution, pre-acclimated cultures were incubated 145 in the relevant assay environment. 146
Growth profiles were determined by measuring the optical density for each culture at 600 nm 147 (OD 600 ) at regular intervals during 24 h of incubation. We used the resulting growth curves to 148 calculate the maximum growth rate (µ max ) of each evolved culture (populations and individual 149 clones) relative to the ancestor. For the Gly, Glc and Glu environments, maximum growth 150 rates were measured between 0.2 and 0.8 of the maximal ancestral OD 600 . In the Ace 151 environment, the ancestor was still in exponential phase after 24 h of culture, and growth rates 152
were measured between 0.5 and 1 times the OD 600 reached by the ancestor following 24 h of 153 growth. 154
155
Fitness assays 156
Fitness assays were performed for the populations sampled at 300, 600 and 1000 generations 157 in their respective evolution environments, and for the individual evolved clones in all four 158 environments. All assays were replicated five-fold. Competitions were performed as 159 previously described (Lenski et al. 1991) . Briefly, all competitors including the REL606 160 ancestor and a marked phenotypic variant called REL607 were pre-acclimated in the assay 161 environment. The ancestor REL606 and all derived evolved clones are unable to use 162 arabinose as a carbon source (Ara -), while REL607 is a REL606 spontaneous revertant that 163 recovered this catabolic ability (Ara + ). After pre-acclimation, each evolved sample 164 (population and individual clones) and the REL606 ancestral strain as a control were mixed 165 separately with REL607 at a 1:1 ratio. Mixtures were then diluted 300-fold in fresh medium 166 and incubated for 24 h at 37 °C in the assay environment. At days 0 (when the two 167 competitors are mixed) and 1 (after 24 h of incubation) of each competition experiment, cells 168 were diluted and plated on indicator tetrazolium arabinose (TA) plates, on which Ara + or Ara -169 colonies appear pink or red, respectively (Lenski et al. 1991) . Plates were incubated 24 h at 37 170 °C and each of the competitors was scored. Using the initial and final cell counts we 171 calculated the realized (net) population growth of each competitor, according to the following 172 formula: G i = ln(C t1 *300/C t0 ), where C t0 and C t1 are the number of colonies at the beginning 173 and after 24 hours of competition, respectively, and 300 the 300-fold higher dilution factor 174 required for C t1 compared to C t0 . The fitness of one competitor relative to the other was then 175 calculated as the ratio of their net growth rates during the competition experiment according 176 to the formula: Fitness = G Ara -/G Ara +, where G Ara -and G Ara + are the realized population 177 growth of the Ara -ancestor and evolved clones and of the Ara + REL607 clone, respectively 178 (Lenski et al. 1991) . 179
180
Genome sequencing 181
The genome of each of the 16 clones isolated after 1000 generations of evolution was re-182 sequenced on the Illumina HiSeq2000 platform (GATC Biotech, Germany) using one lane of 183 single-end 35-bp reads. Barcodes were used for each genome so that reads were clone-184 
Results
223
Phenotypic changes in the evolution environments 224
Four replicate populations of E. coli B were propagated for 1000 generations in each of four 225 evolution environments that differed in carbon source, oxygenation and degree of spatial 226 structure. We quantified the phenotypic evolution of each population in its respective 227 evolution environment by measuring its maximum growth rate relative to the ancestor at 200-228 generation intervals (µ max ; Fig. 1a) , and its fitness relative to the ancestor at 300, 600 and 229 1000 generations (Fig. 1b) . Compared to their common ancestor all populations increased in 230 fitness and all except those evolved in Glu increased their µ max after 1000 generations, 231 indicating that they adapted to their environments (Table S1 , Supporting information, Fig. 1) . 232
After 1000 generations of evolution, we isolated one evolved clone from each replicate 233 population and measured µ max and fitness in its evolution environment (Table S2, Supporting  234 information, Fig. 2 ). Phenotypic evolution of the clones and their source populations was 235 correlated (µ max : Spearman Rho = 0.93, p < 0.0001; fitness: Spearman Rho = 0.60, p = 236 0.0144). However, the clones isolated from the Glu environment tended to display a higher 237 µ max than their entire source populations, indicating that they probably belong to specific sub-238 lineages that may not be representative of the entire populations. This has however no impact 239 on our results since our main goal here is to relate phenotypes to specific combinations of 240 mutations, a task that could not be achieved by focusing on entire populations. Therefore, all 241 the following analyses focus on comparisons between phenotypes and genomes of clones and 242 not populations. Table 1 ). The proportion of parallel to total mutations 261 was 7/12, 13/19, 9/16, and 6/9 in the Ace, Gly, Glc, and Glu environments, respectively. This 262 parallelism involved eight genes or operons (Fig. 3 , Table 1 ), including four specific to a 263 single environment (mreBC in Ace, glpR and glpK in Gly, and lldR in Glc), and four across 264 multiple environments (argR, spoT, rho, and nadR). In all cases genes that changed in parallel 265 within a single environment reflected a greater degree of environmental clustering than 266 expected if the mutations were distributed randomly over the evolved clones (Fisher's exact 267 test, for all genes mutated in parallel p ≤ 0.05). These data are consistent with the changes in 268 these genes conferring environment-specific adaptations. 269
The four evolved clones sampled from the Ace environment had a total of 12 mutations 270 affecting nine different genes that can be grouped into eight loci. Three of these loci were 271 targeted by mutations in more than one clone: the mreBC genetic locus, mreB and mreC being 272 part of the same operon (Wachi et al. 2006), had mutations in two clones, while rho and argR 273 were mutated in three and two clones, respectively (Fig. 3 , Table 1 ). The four clones sampled 274 from the Gly environment had a total of 19 mutations affecting ten different genes. Seven 275 mutations occurred in glpR and glpK, which were mutated in four and three clones, 276 respectively, while six occurred in spoT and rho, which were mutated in four and two clones, 277 respectively ( Fig. 3 , Table 1 ). The four evolved clones sampled from the Glc environment had 278 a total of 16 mutations affecting ten different genes, among which three (argR, lldR and spoT) 279 had mutations in three clones (Fig. 3 , Table 1 ). Finally, the four evolved clones sampled from 280 the Glu environment had 9 mutations affecting a total of 5 different genes including spoT and 281 nadR that were mutated in four and two clones, respectively (Fig. 3, Table 1 ). Despite the 282 high overall level of genetic parallelism, the number of parallel changes found in individual 283 clones was quite variable (Fig. 3, Table 1 ), ranging from one (Ace_4, Glc_2 and Glu_2) to 284 four (Gly_3, Glc_4, Glu_1 and Glu_4). 285 286 Four genes were mutated repeatedly in different environments-argR (Ace and Glc 287 environments), spoT (Gly, Glc and Glu environments), rho (Ace and Gly environments), and 288 nadR (Gly and Glu). Therefore, evolved clones from all pairs of environments, except 289 Ace/Glu, shared mutated genes, but the combinations of shared mutated genes were 290 environment-specific (Fig. 3, Table 1 ). The highest level of genetic parallelism was detected 291 for spoT, which was modified in 3/4 environments and 11/16 clones, further emphasizing encoding genes that had parallel changes between, as well as within, environments. 318
The genetic parallelism observed at the gene level was associated with mutations affecting 319 different codons largely distributed within these genes, with however two notable exceptions 320 (Table 1) . First, specific regions of the same genes were affected by independent mutations, 321 including the 5' end of argR and glpK. Second, nearby codons were affected by independent 322 non-synonymous mutations in rho (codons 322 and 324), and spoT (codons 207 and 209). In 323 addition, the exact same codons of rho (codons 322 and 324) and spoT (codon 393) were 324 repeatedly affected by independent mutations, leading to either the same or different amino-325 acid changes in the corresponding proteins (Table 1) . For both exceptions, similar mutations 326 occurred in more than one environment. 327
328
Correlated phenotypic responses to evolution in the alternative environments 329
Next, we investigated how adaptation to a given evolution environment affected µ max and 330 fitness in alternative conditions. The correlated response to selection of each of the 16 evolved 331
clones was compared to the common ancestor in each of the three environments in which it 332 did not evolve (hereafter called alternative environments). As an example, the four evolved 333 clones sampled from the populations that were propagated in Ace were assayed in the 334 alternative environments Gly, Glc and Glu. 335
Growth profiles and competition assays indicated that adaptation to a given environment was 336 often associated with improvements in the alternative environments (Table S2, Supporting  337 information, Fig. 4) . Phenotypic evolution in a given environment is constrained by selective 338 pressures that need not to apply in alternative environments. Therefore, we expected the 339 correlated phenotypic responses in the alternative environments to be more variable than the 340 direct response in the evolution environment. Surprisingly, this was not the case (Wilcoxon 341 rank-sum test on the coefficient of variation; µ max : χ² = 1.9, p = 0.17; fitness: χ² = 0.2, p = 342 0.69; Table S3 , Supporting information). 343
Next, we tested whether genetic parallelism (i.e., whether clones shared or not mutated genes) 344 and evolutionary history (i.e., whether clones evolved or not in the same evolution evolution. For pairs of clones that evolved in the same evolution environment we considered 357 the three alternative environments, while for pairs of clones that evolved in two different 358 evolution environments we considered the two shared alternative environments. We tested 359 whether sharing or not mutated genes and evolving or not in identical evolution environments 360 influenced the phenotypic variability between clone pairs ( Table 2 ). The interaction between 361 the two factors was significant for both µ max and fitness phenotypes ( Table 2 ), indicating that 362 the impact of genetic parallelism on phenotypic variability was different whether the clones 363 evolved in identical or different evolution environments. The variability of the correlated 364 responses was lower for pairs of clones that evolved in the same environment (Fig. 5) . 365
Moreover, clones with different evolutionary history had more similar correlated responses 366 when they shared mutated genes (Fig. 5a, b) . However, for clones that evolved in identical 367 evolution environments, the variability of correlated responses was unrelated to the level of 368 genetic parallelism (Fig. 5c, d) . Table 1 Mutations identified in the 16 evolved clones sampled after 1000 generations of 675 evolution in four different environments. 676 Table S1 Phenotypic traits (μ max and fitness) of the 16 populations during evolutionary time in their respective evolution environments.
Table S2
Phenotypic traits (μ max and fitness) of the evolved clones sampled from each of the 16 populations in the four environments.
Table S3
Among-clone coefficient of variation in the four environments for the two phenotypic traits μ max and fitness. 
